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A fundamental goal of quantum technologies concerns the exploitation of quantum coherent dynamics for
the realisation of novel quantum applications such as quantum computing, quantum simulation, and quantum
metrology. A key challenge on the way towards these goals remains the protection of quantum coherent dynam-
ics from environmental noise. Here, we propose a concept of hybrid dressed state from a pair of continuously
driven systems. It allows sufficiently strong driving fields to suppress the effect of environmental noise, while
at the same time being insusceptible to both the amplitude and phase noise in the continuous driving fields.
This combination of robust features significantly enhances coherence times under realistic conditions, and at the
same time provides new flexibility in Hamiltonian engineering that otherwise is not achievable. We demonstrate
theoretically applications of our scheme for noise resistant analog quantum simulation in the well studied phys-
ical systems of nitrogen-vacancy centers in diamond and of trapped ions. The scheme may also be exploited for
quantum computation and quantum metrology.
PACS numbers: 03.67.Ac, 37.10.Vz, 75.10.Pq
Introduction.— Quantum technologies hold the promise for
the realisation of a wide variety of applications including
quantum computing [1], quantum simulation [2–8], quantum
metrology [9] and precision measurements [10] as well as
quantum sensing [11, 12] to name just a few. This motivates
the considerable effort that is being invested in the creation of
the technological basis for these devices with the ultimate goal
of constructing quantum devices that can outperform their
classical counterparts. One of the main obstacles on this path
is the effect of noise and decoherence due to interaction with
an uncontrolled environment, the effect of which becomes in-
creasingly severe as the number of system components grows.
This poses a considerable challenge for achieving the quan-
tum control of such systems while maintaining the quantum
coherence of the system. Hence noise control is central for
the future development of scalable quantum technologies.
Various theoretical concepts and proposals, e.g. quantum
error correction [13, 14], decoherence free subspace [15–21],
and dynamical decoupling [22–31], have been developed for
the suppression or avoidance of quantum decoherence. Each
of these methods are best suited for specific scenarios. For
example, the decoherence free subspace approach is mainly
useful in those cases in which noise exhibits a symmetry [21],
which however is not always the case. One important exam-
ple among others that suffer from non-collective noise is the
nitrogen-vacancy (NV) center in diamond [32] as a promis-
ing physical system for quantum information processing and
quantum sensing, the noise of which is dominated by the local
nuclear and paramagnetic environment. These noise sources
exhibit relatively long memory times and thus can be sup-
pressed using continuous driving. This approach however suf-
fers drawbacks for strong driving where intensity and phase
fluctuations may become significant [31]. It is an important
observation, that for decoupling fields that are derived from
the same source, these fluctuations will be strongly corre-
lated. Hence, we propose to exploit this feature by pairing
two driven systems into hybrid dressed states. The energy gap
arising from continuous driving protects quantum coherence
in non-Markovian environments and makes it insusceptible
to inhomogeneous local environment noise, while the pairing
approach makes it robust against the driving fluctuation. In
comparison with dynamical decoupling in decoherence free
subspace, see e.g. [20, 21], the present idea of hybrid dressed
state provides new flexibility in the engineering of effective
Hamiltonian. With detailed numerical studies, we demon-
strate that the present scheme can prolong coherence times
by more than two orders of magnitude under realistic condi-
tions. We exploit hybrid dressed states to implement quantum
gates and quantum simulation with significantly improved fi-
delity, e.g. using NV centers in diamond, which thus provides
a route towards a large-scale reliable quantum simulation. It
is also feasible to verify the idea with other physical systems
such as trapped ions as will be demonstrated here by detailed
simulations.
The proposal.— We start from single two-level systems
with the basic Hamiltonian
Hkz =
ω0
2
σ kz , (1)
where σα (α = x,y,z) represent Pauli operators. The coher-
ence of a two-level system, e.g. NV center in diamond, would
inevitably be affected by local environmental noise, such as
magnetic field and/or charge fluctuation, which can be de-
scribed by ∆kα =
[
δ kα(t)/2
]
σ kα . Generally, δ kα(t) are indepen-
dent for different two-level systems. The dressed states in-
duced by a continuous driving field
Hkx =
Ω
2
(
e−iω0tσ k++ e
iω0tσ k−
)
, (2)
are protected from noise by an energy penalty [28, 29], where
σ k± = 12 (σ
k
x ±σ ky ), Ω and ω0 are the amplitude and frequency
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Figure 1. (Color online) Hybrid dressed states from a pair of con-
tinuously driven quantum systems. (a) The effective spin- 12 system
is carried by a pair of two-level systems (with Ising-like coupling
strength a) under continuous driving (with a Rabi frequency Ω). (b)
The corresponding energy structure of hybrid dressed states.
of the resonant driving field respectively. In the interaction
picture with respect to Hkz , the effective system Hamiltonian
becomes
Hke =
Ω
2
σ kx , (3)
whose eigenstates {|↑x,↓x〉} can be used to represent a (sim-
ple) dressed spin- 12 that is protected by the continuous driv-
ing as long as the power spectrum of the noise δ kz (t) at the
frequency Ω is negligible. The phase fluctuations in the con-
tinuous driving field have two effects, one to flip the dressed
states, which would be suppressed by the energy penalty as
well, while the other leads to effective amplitude fluctuations
[33]. The main decoherence source is therefore due to the am-
plitude fluctuations of continuous driving fields and the resid-
ual effect of environment noise due to a finite continuous driv-
ing field strength, which causes dephasing of dressed states. It
is important to note that if, as is often the case, the decoupling
fields are derived from the same source, their fluctuations will
be correlated - a feature that we will exploit now.
To overcome these challenges and making use of the cor-
related nature of the driving fluctuations, we propose to use a
pair of dressed states to carry one effective spin- 12 , see Fig.1,
represented by two of the eigenstates of Hke = H
ka
e +H
kb
e as
|↑˜〉 ≡ 1
2
(|↑x↓x〉ab+ |↓x↑x〉ab) , (4)
|↓˜〉 ≡ 1
2
(|↑x↓x〉ab−|↓x↑x〉ab) . (5)
The states |↑˜〉 and |↓˜〉 that represent the hybrid dressed spin- 12
are separated from the other two eigenstates |↑x↑x〉 and |↓x↓x〉
by an energy gap Ω. The dephasing noise would induce the
spin flip as σz|↑x〉 → |↓x〉 and vice versa, the effect of which
on the hybrid dressed spin- 12 can be suppressed by tuning the
amplitude of the driving field Ω to sufficiently high values
so that the relevant noise power spectra become insignificant.
The amplitude fluctuations in the driving field, which are de-
scribed as ∆kΩ = [δΩ(t)/2]σ
k
x , would however cause dephas-
ing of the simple dressed spin- 12 as ∆
k
Ω|↑x〉 = [δΩ(t)/2] |↑x〉
and ∆kΩ|↓x〉 = − [δΩ(t)/2] |↓x〉. Thanks to the correlations in
the amplitude fluctuations, the choice of hybrid dressed spin-
1
2 states, renders the effective spin-
1
2 instead insusceptible to
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Figure 2. (Color online) Stability of hybrid dressed states. (a) The
decay of coherence as a function of time t for the cases of no dy-
namical decoupling and for simple dressed spin (simple DS) with
driving fluctuation of δΩ/Ω= 0.02,0.04. (b) The coherence time of
hybrid dressed spin (hybrid DS) as a function of the driving fluctua-
tion as compared with a simple dressed spin. The other parameters
are: the noise amplitude δ = 0.2MHz, and the correlation time is
τc = 20µs, the driving amplitude Ω = 3.5MHz, and the phase fluc-
tuates in [−2◦,2◦].
such fluctuations, because
[
δΩ(t)(σ
(k,l)a
x +σ
(k,l)b
x )
]
|↑˜〉(|↓˜〉)=
0. This allows us to apply strong driving while being immune
to their fluctuations.
In Fig.2, we plot the decay of quantum coherence of hybrid
dressed states under environment noise and driving fluctua-
tions. The noise (fluctuation) δ (t) is modeled as an Ornstein-
Uhlenbeck process [34] with the correlation function C(t) =
〈δ (0)δ (t)〉 = δ exp(−|t|/τc), where δ is the noise ampli-
tude and τc is the noise correlation time. We initially pre-
pare a coherent superposition of two basis states, namely
|ψ(t = 0)〉 =
√
1
2
(|↑˜〉+ |↓˜〉) for hybrid dressed spin, and
|ψ(t = 0)〉 =
√
1
2 (|↑〉+ |↓〉) for a simple dressed spin. We
characterize quantum coherence by f (t) = 〈ψ(0)|ρ(t)|ψ(0)〉,
and define coherence time as T when f (T ) = 12
(
1+ e−1
)
. It
can be seen from Fig.2(a) that the fluctuation of the contin-
uous driving field indeed would severely limit its efficiency.
We demonstrate in Fig.2(b) that hybrid dressed states are very
robust against the driving fluctuation and can prolong the co-
herence time by more than two orders of magnitude even for
relatively large amplitude and phase fluctuations.
We illustrate the application of this basic principle by con-
sidering two spins, such as NV centers in nanodiamonds
as well as shallowly implanted NV-centers for sensing ap-
plications. We stress that the same principle is applicable
for other physical systems where noise is local and strong
driving fields are necessary for decoupling the systems from
high level noise. With the ability to address individual spins
[35], we first prepare the initial dressed states |↑x〉|↓x〉 with
microwave-pi2 pulses, where |↑x〉=
√
1
2 (|↑〉+ |↓〉) and |↓x〉=√
1
2 (|↑〉− |↓〉). We drive both spins with the same Rabi fre-
quency and consider the interaction between spins given by
Hzz = as
(1)
z ⊗ s(2)z , where s(1,2)z represent the spin- 12 operator
in the subspace spanned by {|0〉, |−1〉} [35]. The interaction
for time τ evolves the system into |ψ(τ)〉= cos( aτ4 )|↑x〉|↓x〉−
3isin( aτ4 )|↓x〉|↑x〉. The robustness of hybrid dressed states al-
lows us to measure inter-spin interactions and thus the dis-
tance between (adjacent) spins with a high precision. This
is similar in spirit to the experiment with trapped ions [36].
There, however, correlated noise dominated while local noise
suffered by individual system is always non-collective and
needs to be preliminarily addressed by dynamical decoupling.
We are thus able to prepare a maximally entangled hybrid
dressed state with a very high fidelity, even when the required
interaction time significantly exceeds the spin coherence times
[33]. Such a robust hybrid dressed state can also be exploited
to construct a sensitive gradient magnetometer based on a pair
of dressed spins, e.g. a pair of linked nanodiamonds [37].
Tunable coherent coupling and quantum simulation.— For
the purpose of quantum simulation, it is necessary to engineer
tunable coherent interaction between hybrid dressed states.
We consider two pairs of spins under continuous driving, that
interact with each other via Hk,l = ak,lskz ⊗ slz [35]. With
appropriately tuning the amplitude Ω and frequency (ω =
ω0−∆) of the continuous dressing field, one can obtain the
following general form of dressed states |↑θ 〉 = cos( θ2 )|↑〉+
sin( θ2 )|↓〉 and |↓θ 〉= sin( θ2 )|↑〉− cos( θ2 )|↓〉, where tan(θ) =
Ω/∆. To make the hybrid dressed states robust against noise
and driving fluctuation, we introduce continuous decoupling
fields with Rabi frequencies Ω′k acting on the simple dressed
states |↑θ / ↓θ 〉, so that the protection part Hamiltonian is
HP = ∑k
Ω′k
2 ∑α σ
kα
x . Assuming |Ω′k|, |Ω′k|, |Ω′k−Ω′l |  akα ,lβ
(α,β = a,b), we obtain from the original spin-spin interac-
tion the following effective interaction Hamiltonian between
two hybrid dressed spin- 12 , which are carried by (ka,kb) and
(la, lb) respectively [33],
H = HP+ ∑
k > l;α,β = a,b
(
Jxkα ,lβσ
kα
x σ
lβ
x + Jzkα ,lβσ
kα
z σ
lβ
z
)
(6)
where the Pauli operators are written in the basis |↑θ 〉, |↓θ 〉,
and the coupling strength Jxkα ,lβ = akα ,lβ sin(θk)sin(θl)/2,
Jzkα ,lβ = akα ,lβ cos(θk)cos(θl). This leads to the flexibility in
tuning effective spin-spin interactions by controlling the driv-
ing parameters. The system Hamiltonian written in the basis
of hybrid dressed states is [33]
H = HP+(hkZk+hlZl)−gk,lXkXl ; (7)
where the effective spin- 12 operators are defined as X |↑˜〉 =
|↓˜〉,X |↓˜〉 = |↑˜〉,Z|↑˜〉 = |↑˜〉,Z|↓˜〉 = −|↓˜〉. The local energy
is given by hk = Jzka,kb , and the coupling strength is gk,l =
(Jxka,lb + J
x
la,kb
)− (Jxka,la + Jxkb,lb). In the particular case ∆ = 0,
namely θ = pi2 , the dressing field also acts the role of dynam-
ical decoupling, thus we have Hk,l =
(
ak,l/2
)(
σ kxσ lx+σ kyσ ly
)
[33], which allows to efficiently realize high-fidelity entan-
gling gates between hybrid dressed spins. Assuming equal
(intra- and inter- pair) nearest-neighbor interactions a and
non-nearest-neighbor couplings as ak,l = a|k− l|−3, the ef-
fective nearest-neighbor coupling is gk,k+1 ≈ 0.78a, while
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Figure 3. (Color online) The robustness of coherent coupling be-
tween two hybrid dressed spins (hybrid DS). (a) The state fidelity
based on hybrid DS with resonant driving (namely θ1 = θ2 = pi2 ) un-
der realistic noise and driving fluctuation, with respect to the ideal
entangling evolution, remains high for the time while the coherence
of individual simple dressed spin (simple DS) decays rapidly. (b) The
coherent oscillation of state population during the entangling evolu-
tion. The maximally entangled hybrid dressed state is generated at
time t = pi/2gk,k+1 (green star). The relevant parameters are: the
noise amplitude δ = 0.04MHz, the driving amplitudes Ω1 = 1MHz,
Ω2 = 3MHz with a relative fluctuation δΩ1/Ω1 = δΩ2/Ω2 = 0.02;
and the nearest-neighbor coupling is a= (2pi)20kHz (corresponding
to a distance of ∼ 15 nm). The noise and fluctuation correlation time
is τc = 20µs.
hk = hk+1. In Fig.3, it can be seen that the fidelity of max-
imal entanglement generation at time t = pi/2gk,k+1 is high
(above 99%) even in the case where the noise/fluctuation is
stronger than the coupling strength.
The generalization of coupling in Eq.(7) to more two-
level systems on a regular lattice, see Fig.4(a), e.g. self-
assembled nanodiamond lattice [37] and trapped ion lattice
[38–40], thus leads to hybrid dressed states protected ro-
bust simulation of quantum Ising model Hs = ∑hk,lZ(k,l) −
∑g(k,l),(k′,l′)X(k,l)X(k′,l′). The coherence protection provided
by HP is independent of the parameters of the simulating
Hamiltonian in Hs. Long-range dipolar interaction, namely
the interaction σ kαz σ
lβ
z for k 6= l in Eq.(6), should be effec-
tively eliminated, as it would cause the leakage out of the
protected subspace. With K periodically spatial alternating
driving amplitudes ([Ω1,Ω2, · · · ,ΩK ]n) for a one-dimensional
chain so that |Ωk−Ωl |  gk,l , see the inset of Fig.3(a) for the
case of K = 2, the unwanted interactions can be suppressed up
to the (2K−1)-neighbor coupling. For example, the residual
interaction is∼ 0.008(0.003)a with K = 3(4) for r−α (α = 3)
scaling long range interactions. Analogous techniques can be
employed for the general case of two-dimensional lattice. For
one-dimensional chain, the effective coupling strength scales
as gk,l ∝ |k− l|−αe where αe ≈ 2.07+ 1.24α , see Fig.4(b),
where α is the original interaction range. This enables us to
achieve a shorter interaction length that otherwise is not pos-
sible [41]. Furthermore, as we mentioned, the dependence of
the interaction on the driving basis, see Eq.(6), provide ad-
ditional flexibility in engineering the simulating Hamiltonian
parameters. In contrast to the digital fashion of quantum sim-
ulation in decoherence free subspace [42], the present analog
quantum simulation will save precious time in case of simu-
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Figure 4. (Color online) Quantum simulation using hybrid dressed
state. (a) A two-dimensional lattice quantum simulator for the sim-
ulation of an interacting spin models. The hybrid dressed spin- 12 of
the index (k, l) is represented by driven two-level systems (k, l)a and
(k, l)b. (b) The effective spin-spin interaction range αe as a func-
tion of the original interaction range α . (c) The spin structure factor
Sxx = ∑k,l>k exp(−iq(l− k))〈σ (k)x σ (l)x 〉 with q= 0 achieved via adi-
abatic preparation for a one-dimensional eight-site Ising chain using
hybrid dressed spins (hybrid DS) and simple two-level systems (sim-
ple TLS). The parameters are g(t) = a0
( t
T
)
, h(t) = a0− g(t) with
a0 = (2pi)40kHz and T = 80µs.
lating a large spin system.
To show the performance of hybrid dressed states in adi-
abatic quantum simulation, we calculate the spin structure
factor Sxx = ∑k,l>k exp(−iq(l− k))〈σ (k)x σ (l)x 〉 with q = 0 for
a one-dimensional Ising chain. In Fig.4 (c), it can be seen
that the transition of the order parameter Sxx(q = 0) across
the critical point becomes much smoother due to the decoher-
ence effect of noise. One would expect that it will be difficult
to observe quantum phase transition as the noise level and/or
the system size increases. In contrast, we show in Fig.4(c)
that, the effect of noise and driving fluctuation is much sup-
pressed in a quantum simulator with the same number of hy-
brid dressed spins. We remark that the present scheme is also
feasible for the study of quantum quench dynamics, which
has attracted intensive interest recently, as it is related to the
fundamental problem of thermalization in closed many-body
quantum systems [43–46]. In particular, high-fidelity quan-
tum simulation may help to distinguish local thermalization
from environment induced equilibrium [45, 46].
Experiment implementation.— The present proposal can
be implemented in various physical systems, e.g. NV cen-
ters in diamond and trapped ions. For NV centers in di-
amond, the tunable coherent interactions between hybrid
dressed states can be engineered from the natural magnetic
dipole-dipole interaction using appropriate microwave driv-
ings [33]. The proof-of-principle verification of the ideas can
also be achieved with trapped ions, in which we can induce
the interaction term σax σbx in the dressed state basis by apply-
ing counter-propagating Raman beams for generating the de-
tuned red sideband transition, additionally we drive the carrier
dressing transition for shielding the magnetic noise [33, 47–
49]. In order to induce the transverse field for the simulated
Hamiltonian σaz σbz , we can introduce an additional rotated
term which transforms the Ising coupling to the XXZ Hamil-
tonian [4, 5, 33]. For that purpose, we use the single address-
ing ability of the focused co-propagating Raman beams, to
drive the dressed states off resonantly [33]. The feasibility of
this approach is carefully verified by our numerical simulation
with realistic experiment parameters [33].
Conclusion.— In summary, we propose to implement high-
fidelity quantum simulation using hybrid dressed state. Its key
advantage is the possibility for applying strong driving to sup-
press non-collective environment noise while at the same time
the inevitable driving fluctuations are suppressed. Addition-
ally, it provides new flexibility in the engineering of tunable
coherent coupling. We demonstrate theoretically the applica-
bility of our scheme for noise resistant quantum simulation
with NV centers in diamond, but would like to stress that it
is sufficiently versatile to apply to a wide variety of physical
systems. Our simulations show that a proof-of-principle ver-
ification is readily achievable with trapped ions under state-
of-the-art experiment capability. The method can be naturally
combined with a wide range of applications such as quantum
metrology/sensing and quantum computing. Our work thus
contributes a new path towards the development of quantum
technologies, in which the effect of decoherence is currently a
severe obstacle.
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6SUPPLEMENTARY INFORMATION
Noise analysis of hybrid dressed state
We consider two-level systems as described by the following Hamiltonian
Hkz =
ω0
2
σ kz , (S.1)
where σα (α = x,y,z) represent Pauli operators, noise can occur along all three axes ∆kα =
[
δ kα(t)/2
]
σ kα . Given the usual case
of ω0  δ kx,y, the effect of transverse noise is suppressed by the energy gap ω0. Thus the main decoherence comes from the
longitudinal noise
∆kz =
[
δ kz (t)/2
]
σ kz , (S.2)
in the form of dephasing. In the case of local environment noise, it is not helpful to use a pair of two-level systems to encode
an effective spin- 12 as there is no decoherence free subspace, see Fig. S1(a). One can introduce dressed state by applying a
continuous driving field with amplitude and phase fluctuation
H˜kx =
[
Ω
2
+
δΩ(t)
2
][
e−iω0t−iδp(t)σ k++ e
iω0t+iδp(t)σ k−
]
, (S.3)
where δΩ(t) and δp(t) represent the amplitude and phase fluctuation of the driving field. The effect of ∆kz is suppressed by the
driving field, as long as its power spectra is negligible at the frequency of Ω. In the interaction picture with respect to Hkz , the
effective Hamiltonian including driving field fluctuations is
H˜ke =
[
Ω
2
+
δΩ(t)
2
][
cosδp(t)σ kx + sinδp(t)σ
k
y
]
(S.4)
=
Ω
2
σ kx +
δ˜Ω(t)
2
σ kx +
[
Ω
2
+
δΩ(t)
2
]
sinδp(t)σ ky , (S.5)
where
δ˜Ω(t) = δΩ(t)cosδp(t)+Ω [cosδp(t)−1] . (S.6)
The phase fluctuation δp(t) in Eq.(S.5) shows two effects. First, it leads to additional fluctuation in the amplitude of driving, and
the effective total amplitude fluctuation is given by Eq.(S.6). Secondly, it also translates into the flip error (σ ky ) of dressed states,
which is suppressed if the fluctuation is small such that sinδp(t) 1. Thus, decoherence mainly comes from the amplitude
fluctuation of driving described as follows
H˜ke =
Ω
2
σ kx +
δ˜Ω(t)
2
σ kx . (S.7)
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Figure S1. (Color online) Enhanced coherence time of hybrid dressed state. (a) The decay of coherence as a function of time for a single
two-level system (TLS), and a pair of two-level systems, as compared with simple dressed spin (simple DS) with driving amplitude Ω and
relative fluctuation δΩ/Ω= 0.1. (b) The decay of coherence as a function of time for hybrid dressed spin (hybrid DS). The driving amplitude
is Ω= 3.5MHz.
7Generally, the amplitude fluctuation becomes larger as the driving power increases. By increasing the driving field amplitude,
on the one hand, it is beneficial for the suppression of environment noise, on the other hand, the accompanying increase in the
driving field fluctuations would diminish the overall performance, as shown Fig. S1(a-b). The essence of the hybrid dressed state
is using a pair of two-level systems under identical driving to carry one single effective spin- 12 as
|↑˜〉 ≡ 1
2
(|↑x↓x〉ab+ |↓x↑x〉ab) (S.8)
|↓˜〉 ≡ 1
2
(|↑x↓x〉ab−|↓x↑x〉ab) , (S.9)
Because the following conditions are satisfied [
δ˜Ω(t)(σ
(k,l)a
x +σ
(k,l)b
x )
]
|↑˜〉= 0, (S.10)[
δ˜Ω(t)(σ
(k,l)a
x +σ
(k,l)b
x )
]
|↓˜〉= 0, (S.11)
hybrid dressed states are thus robust not only to environment noise but also to the amplitude and phase fluctuation in driving.
In our numerical simulation, we model the environment noise δ (t) and the amplitude fluctuations of the driving fields δΩ(t)
as an Ornstein-Uhlenbeck process [1] with the correlation function C(t) = 〈δ (0)δ (t)〉 = δ exp(−|t|/τc), where δ is the noise
amplitude and τc is the noise correlation time. We also include the fluctuating phase δp(t) in our model where it takes a random
value uniformly distributed in
[−δ 0p ,δ 0p]. It can be seen from Fig. S1(b) that coherence times of hybrid dressed state are
significantly prolonged, and is not susceptible to the fluctuations the continuous driving field. The scaling of coherence times is
shown in Fig.2 of main text.
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Figure S2. (Color online) Robust preparation of hybrid dressed states. (a) The state fidelity during the system evolution under realistic noise
and driving fluctuation, with respect to the ideal entangling evolution as described in Eq.(S.12) remains high for the time while the decay of
coherence for a simple dressed spin (simple DS) happens in a much shorter time scale. (b) The coherent oscillation of hybrid dressed spin
(hybrid DS) state population during the evolution. The relevant parameters are as follows: the noise amplitude is δ = 0.1MHz, the amplitude
of driving field is Ω = 3.5MHz with a relative fluctuation is δΩ/Ω = 0.02; and the nearest-neighbor coupling is g = (2pi)20kHz. The noise
and fluctuation correlation time is τc = 20µs.
Robust preparation of hybrid dressed states
We consider a pair of NV centers with addressable electronic transition frequencies [2] to prepare (entangled) hybrid dressed
states. We drive both NV centers with the same Rabi frequency, the interaction between NV centers is then given by
HS =
Ω
2
[
s(1)x + s
(2)
x
]
+as(1)z ⊗ s(2)z , (S.12)
where s(1,2)x ,s
(1,2)
z represent the spin- 12 operators in the subspace spanned by {|0〉, |−1〉}. Initially we prepare |ψ(0)〉= |↑x〉|↓x〉
with microwave-pi2 pulses acting on the ground spin sublevels of NV centers, where |↑x〉 =
√
1
2 (|0〉+ |−1〉) and |↓x〉 =√
1
2 (|0〉− |−1〉). After an interaction time τ , the system evolves into the state |ψ(τ)〉= cos( aτ4 )|↑x〉|↓x〉− isin( aτ4 )|↓x〉|↑x〉. The
state preparation fidelity is severely limited by local magnetic noise, particularly when the spin-spin coupling is even weaker
than noise, namely a ≤ δ . In Fig.S2, we simulate the state preparation of (entangled) hybrid states, and shows a high fidelity
(> 99%) under realistic noise and driving fluctuation.
8Derivation of tunable interaction between hybrid dressed states with NV centers
The tunability of Hamiltonian parameters is necessary for quantum simulation. In order to achieve tunable interaction between
NV centers from the spin-spin interaction Hkl = ak,lskz ⊗ slz, we use a microwave field with Rabi frequency Ωm, and frequency
detuning ∆m, the effective Hamiltonian in the interaction picture is
Hmx =
Ω˜m
2
[
sin(θm)σmx + cos(θm)σ
m
z
]
, (S.13)
where Ω˜m =
√
Ω2m+∆2m and tan(θm) =Ωm/∆m. The above Hamiltonian can be diagonalized as
Hmx =
Ω˜
2
(|↑(θm)〉〈↑(θm)|− |↓(θm)〉〈↓(θm)|) , (S.14)
where the corresponding eigenstates are
|↑(θm)〉= cos(θm2 )|↑〉+ sin(
θm
2
)|↓〉, (S.15)
|↓(θm)〉= sin(θm2 )|↑〉− cos(
θm
2
)|↓〉. (S.16)
The spin-spin interaction Hk,l can then be written in the basis of {|↑(θm)〉, |↓(θm)〉} (m= k, l) as
Hk,l = ak,l
[
cos(θk)σ kz + sin(θk)σ
k
x
]⊗[
cos(θl)σ lz + sin(θl)σ
l
x
]
. (S.17)
Under the assumption that ak,l Ω˜k,Ω˜l , the cross interaction terms σ kxσ lz and σ kz σ lx can be neglected, and thus in the interaction
picture with respect to Eq.(S.14) we obtain
Hk,l = ak,l
[
cos(θk)cos(θl)σ kz σ
l
z +
1
2
sin(θk)sin(θl)
(
σ kxσ
l
x+σ
k
yσ
l
y
)]
. (S.18)
We note that this microwave field is exploited to achieve tunable interaction between NV centers, thus we do not require that it
should be identical on all NV centers. For example, one can use Ω˜ma and −Ω˜mb for two NV centers that carry a single hybrid
spin- 12 , and in this way the interaction becomes
Hk,l = ak,l
[
cos(θk)cos(θl)σ kz σ
l
z +
1
2
sin(θk)sin(θl)
(
σ kxσ
l
x−σ kyσ ly
)]
. (S.19)
According to the Trotter decomposition, the effective interaction between two NV centers from choosing alternating Rabi fre-
quencies (i.e. Eq.S.18-S.19) becomes
Hk,l = ak,l
[
cos(θk)cos(θl)σ kz σ
l
z +
1
2
sin(θk)sin(θl)
(
σ kxσ
l
x+ fk,lσ
k
yσ
l
y
)]
, (S.20)
where fk,l =
[
1+(−1)k−l]/2 and we will see that the term σ kyσ ly can be eliminated in the subspace of hybrid dressed states.
Therefore, we obtain the following effective Hamiltonian for hybrid dressed state as
Hk,l = ak,l
[
cos(θk)cos(θl)σ kz σ
l
z +
1
2
sin(θk)sin(θl)σ kxσ
l
x
]
. (S.21)
To achieve robust features against both local magnetic noise and fluctuation in driving fields, we can introduce hybrid dressed
states starting from Eq.(S.14), similar as Eq.(1) in the main text. In the same interaction picture of Eq.(S.13), the noise and the
driving field fluctuation is described by
Hmnoise =
δΩm(t)
2
σmx +
δBm(t)
2
σmz , (S.22)
Written in the rotated basis of {|↑(θm)〉, |↓(θm)〉}, we obtain
Hmnoise =
[
−δΩm(t)
2
cosθm+
δBm(t)
2
sinθm
]
σmx +
[
δΩm(t)
2
sinθm+
δBm(t)
2
cosθm
]
.σmz . (S.23)
9In the interaction picture with respect to Eq.(S.14), the flip effect σmx in Hmnoise (see Eq.S.23) is suppressed, and thus
Hmnoise ≈
[
−δΩm(t)
2
sinθm+
δBm(t)
2
cosθm
]
σmz . (S.24)
In order to suppress this noise, we introduce continuous driving fields, which are presented in the lab frame as follows:
Ω′mσ
m
x cos(ω
m
0 + Ω˜m)t−Ω′mσmx cos(ωm0 − Ω˜m)t. (S.25)
Moving to the interaction picture with respect to the bare energy structure yields
Ω′m
2
σm+e
−iΩ˜mt − Ω
′
m
2
σm+e
iΩ˜mt +h.c=Ω′mσ
m
y sinΩ˜mt, (S.26)
in the rotating wave approximation (RWA) assuming Ω′m ωm0 ± Ω˜m. We now transform to the rotated basis and move to the
second interaction picture with respect to Eq. S.14. Therefore, in the RWA assuming Ω′m  Ω˜m, we obtain the continuous
driving fields
Hmd =−
Ω′m
2
[|↑(θm)〉〈↓(θm)|+ |↓(θm)〉〈↑(θm)|] =−Ω
′
m
2
σx, (S.27)
which would then suppress the noise in Eq.(S.24). The remaining noise comes from the fluctuation of the driving field
Hmn =−
δΩ′(t)
2
σmx . (S.28)
The total effective Hamiltonian is
H = Hmd +H
m
n +Hk,l (S.29)
The corresponding dressed states (i.e. the eigenstates of Hmd ) are
|↑x〉=
1
2
(|↑ (θm)〉+ |↓ (θm)〉) , (S.30)
|↓x〉=
1
2
(|↑ (θm)〉− |↓ (θm)〉) ; (S.31)
and the hybrid dressed states are
|↑˜〉 ≡ 1
2
(|↑x↓x〉ab+ |↓x↑x〉ab) (S.32)
|↓˜〉 ≡ 1
2
(|↑x↓x〉ab−|↓x↑x〉ab) , (S.33)
As we discuss in the main text, the above hybrid dressed states are robust against both local magnetic noise and fluctuations
of driving fields. In the following, we will derive the tunable Hamiltonian of coupled NV centers by writing the total effective
Hamiltonian in the basis of hybrid spin- 12 . For the intra-pair interaction (between NV centers that carry one hybrid dressed
spin- 12 ), because fma,mb = 0 in Eq.S.20, is
Hma,mb = ama,mb
[
cos(θma)cos(θmb)σ
ma
z σ
mb
z +
1
2
sin(θma)sin(θmb)σ
ma
x σ
mb
x
]
. (S.34)
This gives the following local Hamiltonian of hybrid dressed spin- 12
HmL = J
z
ma,mbZm, (S.35)
with
Jzma,mb = ama,mb
[
cos(θma)cos(θmb)
]
, (S.36)
where Z|↑˜〉 = |↑˜〉,Z|↓˜〉 = −|↓˜〉. For the inter-pair interaction between NV centers that carry different hybrid dressed spin- 12 ,
σ kαy σ
lβ
y for (k 6= l) will flip the dressed states | ↑x〉k ↔ |↓x〉k, and |↑x〉l ↔ |↓x〉l . Therefore, it can be effectively eliminated if
10
Ω′k,Ω
′
l , |Ω′k−Ω′l |  akα ,lβ
[
sin(θkα )sin(θlβ )
]
. This explains why we can obtain the effective Hamiltonian for hybrid dressed
states in Eq.S.21. Similarly, σ kαz σ
lβ
z can also be eliminated. This gives the effective interaction between hybrid dress spin- 12 as
Hk,lI =
[(
Jxka,lb + J
x
la,kb
)
−
(
Jxka,la + J
x
kb,lb
)]
XkXl , (S.37)
where X |↑˜〉= |↓˜〉,X |↓˜〉= |↑˜〉. Thus, we obtain the following tunable effective Hamiltonian
Hs = HP+∑
m
HmL +∑
k,l
Hk,lI =∑
m
Hmd +∑
m
Jzma,mbZm+∑
k,l
[(
Jxka,lb + J
x
la,kb
)
−
(
Jxka,la + J
x
kb,lb
)]
XkXl , (S.38)
an example of which is shown in Eq.(7) of the main text for two hybrid dressed spin- 12 .
Note that in order to induce the Trotter decomposition, by alternating Ω˜mb , the driving fields should be changed correspond-
ingly. Namely, we should alternate the detuned driving field’s Rabi frequency Ωmb and detuning ∆mb (Eq. S.13), and the Rabi
frequency of the continuous driving fields Ω′mb (Eq. S.25) as well.
Derivation of the Hamiltonian for trapped atomic ion
Derivation of the σxσx interactions.
To achieve σxσx interactions, we apply counter-propagating Raman beams in addition to a resonant carrier transition [3], as
presented in the following Hamiltonian:
H i,n = νnb†nbn (S.39)
+
ω0
2
σ iz+ωe|e〉i〈e| (S.40)
+Ω1
(|e〉i〈1|+h.c)cos[(ωe− ω02 −∆)t+ηi,n(b†n+bn)] (S.41)
+Ω0
(|e〉i〈0|+h.c)cos[(ωe+ ω02 −∆−δ )t−ηi,n(b†n+bn)] (S.42)
+Ωcσ ix cos(ω0t) . (S.43)
Here, Eq.(S.39) is the vibration Hamiltonian that is described by the creation (annihilation) operators b†n,(bn) for the n
th vibra-
tional mode. Eq.(S.40) is the bare energy structure where ωe|e〉i〈e| is the virtually excited state, in the optical regime, through
which the Raman transitions (Eq.S.41-S.42) are operated. σ iz = |1〉i〈1|− |0〉i〈0| and σ ix = |1〉i〈0|+ |0〉i〈1|, are the Pauli matrices
that operate on the qubit states of the ith ion, and ηn,i is the Lamb-Dicke parameter of the ith ion and the nth vibrational mode.
Finally, Eq.(S.43) is the dressing field’s term.
The Hamiltonian in the interaction picture with respect to the bare energy structure (Eq. S.40) becomes:
H i,nI = νnb
†
nbn+
Ω1
2
(
|e〉i〈1|ei
[
∆t−ηi,n(b†n+bn)
]
+h.c
)
+
Ω0
2
(
|e〉i〈0|ei
[
(∆+δ )t+ηi,n(b†n+bn)
]
+h.c
)
(S.44)
+
Ωc
2
σ ix, (S.45)
where we used the RWA assuming Ω1,Ω0 ωe−ω0 and Ωc ω0. In the second order of perturbation theory, we obtain the
following effective Hamiltonian:
H i,ne f f = νnb
†
nbn+
Ωc
2
σ ix−
Ω1Ω0
4∆
[
σ i−e
−iδ te−i2ηi,n(b
†
n+bn)+h.c
]
, (S.46)
where we neglected A.C. Stark shifts. Since the A.C Stark shifts are described by σ iz operators, they can be eliminated by
adjusting the detunings of the Raman beams, and in any case, their first order contribution is suppressed by the dressing field
(Ωc/2)σ ix (Eq.S.45).
In the next step, we expand the exponent of the displacement operator to the first order in the Lamb-Dicke parameter.
The zeroth order, gives rise to a detuned carrier transitions, resulting in an A.C Stark shift that is suppressed from the above
reasons. In the rotating frame of the vibrational modes (Eq.S.39) and the dressed state energy gap (Eq.S.45), the operator
11
σ i− = (1/2)
(
σ ix− iσ iy
)
is effectively reduced to σ ix/2 since σ iy is suppressed if δ −νn ωc; thus the first order expansion yields
the Sørensen-Mølmer Hamiltonian:
H i,nI2 = i
ηn,iΩ1Ω0
4∆
σ ixb
†
ne
−i(δ−νn)t +h.c, (S.47)
which results in the effective Ising Hamiltonian,
He f f 2 =
(
Ω0Ω1
4∆
)2
∑
i, j,n
ηn,iηn, j
δ −νn σ
i
xσ
j
x , (S.48)
in the second order of perturbation assuming ηn,iΩ1Ω04∆  δ −νn.
Derivation of the σaz σbz interactions.
To achieve the σ izσ
j
z interactions, we can introduce an additional rotated term, which breaks the Ising coupling to obtain
the XXZ Hamiltonian [4, 5], similarly to the derivation for the NV centers (Eq.S.13). For realizing the this method we apply
co-propagating focused Raman beams, thus having single addressing ability. The driving fields in the lab frame are presented as
Ωm1
(|e〉i〈1|+h.c)cos[(ωe− ω02 −∆2)t+ηi,n(b†n+bn)] (S.49)
+Ωm0
(|e〉i〈0|+h.c)cos[(ωe+ ω02 −∆2−δm)t+ηi,n(b†n+bn)] . (S.50)
After moving to the interaction picture with respect to the bare energy structure (Eq.S.40), and using the RWA where we assume
Ωm1 ,Ω
m
0  ωe−ω0, we obtain
Ωm1
2
(
|e〉i〈1|ei
[
∆2t−ηi,n(b†n+bn)
]
+h.c
)
+
Ωm0
2
(
|e〉i〈0|ei
[
(∆2+δm)t−ηi,n(b†n+bn)
]
+h.c
)
. (S.51)
In the second order of perturbation theory, this yields
−Ω
m
1 Ω
m
0
4∆2
(
σ i+e
iδmt +h.c
)
, (S.52)
which is detuned from the dressed state energy structure (Eq.S.45) by ∆m =Ωc−δm. Now, if we move to the interaction picture
with respect to (δm/2)σmx , the only term of Eq.S.52 that preserves energy and thus survives in the RWA, is (Ωzm/2)σz, with
Ωzm =−Ω
m
1 Ω
m
0
4∆2
. Thus, together with (∆m/2)σmx , which is left from the dressed state energy gap (Eq.S.45), we obtain the rotated
term needed for breaking the Ising coupling into the XXZ one, similarly to Eq.S.13
Hmx =
Ωzm
2
σz+
∆m
2
σx =
Ω˜m
2
[
sin(θm)σmz + cos(θm)σ
m
x
]
, (S.53)
where Ω˜m =
√
Ωzm2+∆2m and tan(θm) =Ωzm/∆m. This Hamiltonian can be diagonalized as
Hmx =
Ω˜m
2
(|↑(θm)〉〈↑(θm)|− |↓(θm)〉〈↓(θm)|) , (S.54)
where the corresponding eigenstates are
|↑(θm)〉= cos(θm2 )|↑〉+ sin(
θm
2
)|↓〉, (S.55)
|↓(θk)〉= sin(θm2 )|↑〉− cos(
θm
2
)|↓〉. (S.56)
Eq. S.47 can then be written in the basis of {|↑(θm)〉, |↓(θm)〉} (m= k, l) as
H i,nI2 = i
ηn,iΩ1Ω0
4∆
(
σ ix cosθi+σ
i
z sinθi
)
b†ne
−i(δ−νn)t +h.c. (S.57)
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Figure S3. (Color online) Simulation of the XXZ Hamiltonian for trapped ions. We simulate the XXZ Hamiltonian for two ions and one
vibrational mode using Eq.(S.46-S.52) (solid lines), and show the equivalence to Eq.(S.58) (markers) for different θ . We initialize the system
with |↑(θ)↓(θ)〉 and the motional ground state|n = 0〉, and measure the reduced density matrix’s elements of: ρ|↑(θ)↓(θ)〉〈↑(θ)↓(θ)| (cyan
circles), ρ|↓(θ)↑(θ)〉〈↓(θ)↑(θ)| (cyan pluses), ℑ
(
ρ|↓(θ)↑(θ)〉〈↑(θ)↓(θ)|
)
(red exes), and ℜ
(
ρ|↓(θ)↑(θ)〉〈↑(θ)↓(θ)|
)
(green squares), as usually done
when measuring entanglement. For that purpose, we use the following parameters: Ω0Ω14∆ = 2pi · 100kHz, η = 0.05, ν = 2pi · 10MHz, δ =
2pi · 10.1MHz, Ωc = 2pi · 2MHz. (a) For θ = 0 we use Ωzm = 0 and ∆m = 2pi · 2MHz . (b) For θ = pi/4 we use Ωzm = 2pi · 4.98kHz and
∆m = 2pi ·4.99kHz. (c) For θ = pi/3 we use Ωzm = 2pi ·4.99kHz and δm = 2pi ·2.88kHz. (d) For θ = pi/2 we use Ωzm = 2pi ·5kHz and ∆m = 0.
Thus, in the interaction picture with respect to Eq.S.54 we obtain the effective Hamiltonian
He f f 2 =
(
Ω0Ω1
4∆
)2
∑
i, j,n
ηn,iηn, j
δ −νn
[
σ ixσ
j
x cosθi cosθ j+
1
2
(
σ izσ
j
z +σ
i
yσ
j
y
)
sinθi sinθ j
]
, (S.58)
if we assume that
(
Ω0Ω1
4∆
)2 ηn,iηn, j
δ−νn  Ω˜i = Ω˜l δ−νn. In order to suppress the leakage coming from an undesired σ izσ
j
z +σ iyσ
j
y
coupling, we can demand
(
Ω0Ω1
4∆
)2 ηn,iηn, j
δ−νn  Ω˜i−Ω˜l , where i, j are the notations of different blocks. The validity of the effective
Hamiltonian is supported by our numerical simulation with realistic experiment parameters, as shown in Fig.S3.
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